We previously showed that human liver hydroxymethylglutarylCoA (HMG-CoA) lyase (HL ; EC 4.1.3.4) is found in both mitochondria and peroxisomes. HL contains a 27-residue Nterminal mitochondrial targeting sequence which is cleaved on mitochondrial entry, as well as a C-terminal Cys-Lys-Leu peroxisomal targeting motif. Because peroxisomal HL has a greater molecular mass and more basic pI value than mitochondrial HL, we predicted that peroxisomal HL retains the mitochondrial leader. To test this hypothesis, we expressed both the precursor (pHL) and mature (mHL) peptides in Escherichia coli and studied their properties. pHL purified by ion-exchange and hydrophobic chromatography had a pI of 7.6 on FPLC chromatofocusing and a molecular mass of 34.5 kDa on SDS\PAGE,
INTRODUCTION
3-Hydroxy-3-methylglutaryl-CoA lyase (HL ; EC 4.1.3.4) catalyses the cleavage of 3-hydroxy-3-methylglutaryl-CoA (HMGCoA) to acetoacetic acid and acetyl-CoA in the mitochondrial matrix, the last step of both ketogenesis and of leucine catabolism. Mitochondrial HL is a 68.8 kDa homodimer expressed in all tissues studied to date. In humans the autosomal recessively inherited deficiency of HL leads to episodes of coma and hypoglycaemia which can resemble Reye syndrome and sudden infant death syndrome [1] . We cloned human, mouse and chicken liver HL cDNAs and have isolated mouse and human HL genomic clones [2, 3] . Both the human and mouse HL precursors contain 325 residues including a 27-residue N-terminal mitochondrial leader and the C-terminal tripeptide Cys-Lys-Leu, a potential peroxisomal targeting motif. We recently showed the presence of active HL in peroxisomes isolated from mouse and human livers [4] . Peroxisomal HL has a molecular mass "2.5 kDa greater than mitochondrial HL and also has a more basic pI, which led us to hypothesize that structurally, peroxisomal HL is identical to the HL precursor peptide, in which the mitochondrial leader is retained. To test this hypothesis we expressed, purified and characterized both recombinant HL precursor (pHL) and mature HL (mHL) and compared their properties with those of peroxisomal and mitochondrial HLs.
MATERIALS AND METHODS

Construction of recombinant expression plasmids
The pTrcHL-C323S plasmid [5] , kindly provided by H. Miziorko, was used for expression of mHL and for construction of the pHL expression vector. It contains the full coding sequence of the mature human HL cDNA, preceded by Met and Gly codons corresponding to the NcoI cloning site. In this plasmid the codon Abbreviations used : DTT, dithiothreitol ; HL, hydroxymethylglutaryl-CoA lyase ; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA ; mHL, mature HL ; pHL, HL precursor.
* To whom correspondence should be addressed. similar to our findings for peroxisomal HL. For purified mHL, pI (6.2) and molecular mass (32 kDa) values resemble those of mitochondrial HL. Purified pHL is similar to mHL in K m for HMG-CoA (44.8 µM), k cat (6.3 min −" ) and pH optimum (9.0-9.5). However, the quaternary structures of pHL and mHL differ. On Superose 12 FPLC gel filtration and also on ultrafiltration, both in the presence and in the absence of HMG-CoA, pHL behaves as a monomer whereas mHL migrates as a dimer. We conclude that the HL precursor is probably identical to peroxisomal HL, that its catalytic properties resemble those of mature mitochondrial HL, and that the mitochondrial leader peptide prevents dimerization of pHL.
of the reactive Cys-323 residue has been mutated to a serine codon. The peptide expressed from pTrcHL-C323S is more stable than wild-type HL, but its catalytic properties have been shown to be close to those of purified recombinant wild-type human HL and of purified chicken liver HL [5] .
To modify the pTrcHL plasmid for expression of pHL we first amplified a cassette containing the 5h extremity of the pHL cDNA, using as template pHLH-1, a plasmid containing the fulllength human HL cDNA [2] . The 5h and 3h oligonucleotide primers were respectively 5h-AACCATGGCAGCAATG-AGGAA-3h, which contains the initiation methionine codon of HL within the NcoI cloning site (underlined), and 5h-TTGATGTT-CTTCTTGGT-3h. The reaction mixture contained 1 ng of pHLH-1, 50 µM (final concentration) of each dNTP, 0.4 µg of each primer, 2.5 units of Taq DNA polymerase (Bethesda Research Laboratories), 20 mM Tris\HCl, pH 8.3, 100 mM KCl and 2.5 mM MgCl # in a total volume of 50 µl. Amplification cycles were : 15 s at 94 mC, 15 s at 56 mC and 30 s at 72 mC for 30 cycles, followed by a 6-min extension at 72 mC. The 422-residue amplified fragment, which contains an internal SstI site, was digested with NcoI and SstI and cloned into the pTrcHL-C323S vector, from which the corresponding cassette had been excised. The resulting plasmid was sequenced on both strands over the entire NcoI-SstI cassette. With the exception of the C323S substitution, the recombinant pHL peptide expressed from pTrcpHL is predicted to be identical to wild-type pHL, which fortuitously also contains a Met-Gly dipeptide at its N-terminus.
Expression and purification of recombinant human HL
The resulting expression plasmid was transformed into Escherichia coli strain K12PR745 (New England Biolabs). Bacteria were grown at 37 mC in nutrient broth [containing Trypticase Peptone, 10 g\l ; BBL Yeast Extract, 5 g\l (both from Becton Dickinson) and NaCl, 5 g\l] supplemented with ampicillin (50 mg\l). After the cultures reached an absorbance of 0.8-1.4 at 600 nm, expression of HL was induced by addition of isopropyl-1-thio-β-δ-galactoside to a final concentration of 1 mM. Cells were harvested after overnight growth at 28 mC and centrifuged at 7000 g for 10 min at 4 mC.
We purified mHL or pHL from the pellet of a 1-litre culture as described by Roberts et al. [5] with the following three modifications. First, cells were disrupted by sonication (3 times for 60 s at 60 W, using a Sonic dismembrator, Fisher-Scientific), rather than by use of a French press. Secondly, the eluate of the QSepharose column was directly adjusted to 1 M (NH % ) # SO % , cleared by centrifugation at 10 000 g for 30 min and then applied to the Phenyl-Sepharose column, without performing (NH % ) # SO % fractionation. Thirdly, gel filtration was performed on an FPLC Superose 12 HR column (Pharmacia Biotech) instead of a Superose 12 column.
Enzyme and protein assays and determination of kinetic constants
HL was assayed spectrophotometrically using R,S-HMG-CoA (Sigma) as a substrate [6] . To determine the pH-dependence of HL activity, the pH of the reaction mixture was varied between 7.0 and 10.0 using a buffer containing 50 mM glycyl-glycine, 50 mM glycine, 20 mM MgCl # and 20 mM dithiothreitol (DTT). One unit of enzyme activity is defined as the conversion of 1 µmol of substrate per min. Protein determination was performed according to the method of Bradford [7] with BSA (Sigma) as a standard.
K m and k cat values were computed from the dependency of the initial reaction rate on the substrate concentration by non-linear regression, using the Michaelis-Menten equation. The kinetic constants were calculated using half of the total concentration of R,S-HMG-CoA, since only the S-form is biologically active.
SDS/PAGE
Electrophoresis was performed on an SDS\polyacrylamide gel (11 %, w\v) under reducing conditions according to the method of Laemmli [8] . Protein staining was performed with Coomassie Blue R-250 (Sigma) followed, if necessary, by silver staining using the Fast Silver Staining Kit (Bio-Rad).
Immunoblotting
Western blotting was performed as described using a rabbit antirecombinant human HL serum [4] .
Chromatofocusing
Purified HL preparations were dialysed against 25 mM BisTris buffer (Sigma), pH 7.6. Following the manufacturer's protocol, 1.0 ml of dialysate was applied to an FPLC Mono P column (Pharmacia Biotech), equilibrated with the above buffer, and eluted with 50 ml of Polybuffer 74 (Pharmacia Biotech). Fractions were collected and assayed for HL activity.
Gel filtration
Purified preparations of HL were dialysed against 50 mM sodium phosphate, 0.1 M NaCl, 10 % (v\v) glycerol and 1 mM DTT, pH 7.8. The preparation was concentrated to 200 µl in a concentrating cell (Amicon) equipped with a PM-10 membrane. The samples were then applied to an FPLC Superose 12 HR column (Pharmacia Biotech) equilibrated with the above buffer. The flow rate was 0.3 ml\min. Fractions (0.5 ml) were collected, assayed for HL activity and examined by SDS\PAGE. The molecular masses of the eluted peptides were calculated using a calibration curve obtained with the following protein standards (all from Pharmacia Biotech) : ferritin (440 kDa), catalase (232 kDa), aldolase (158 kDa), BSA (69 kDa), ovalbumin (43 kDa), chymotrypsinogen (25 kDa) and ribonuclease (12.6 kDa).
Ultrafiltration
Ultrafiltration of recombinant pHL and mHL was performed in a concentrating cell (Amicon) equipped with a XM-50 membrane at 4 mC and an operating pressure of 3.2 bar. The purified recombinant HL preparation (0.1 mg of protein in 1 ml of buffer, containing 25 mM glycyl-glycine, 25 mM glycine, 10 mM MgCl # and 2 mM DTT, pH 9.25, with or without 2 mM HMG-CoA) was applied to the cell and concentrated to 0.1 ml. HL activity was assayed in the flow-through and in the concentrate, and the fraction of HL activity retained by the membrane was calculated. The retentions of pHL and mHL were compared with those which we found for the following proteins (all from Pharmacia Biotech) : BSA, 69 kDa ; ovalbumin, 43 kDa ; chymotrypsinogen, 25 kDa ; ribonuclease, 12.6 kDa.
RESULTS AND DISCUSSION
Expression of recombinant pHL and mHL
Crude lysates of cells transformed with pTrc-pHL contained immunoreactive and enzymically active HL. On immunoblots (Figure 1 ), we observed a signal at "34.5 kDa, the intensity of which was approximately equal to that of the 32 kDa mHL peptide from E. coli transfected with pTrcHL-C323S. Similar amounts of HL activity were present in crude lysates of cells transformed with either pTrc-pHL or pTrcHL-C323S.
Using a method similar to that of Roberts et al. [5] we successfully purified enzymically active, electrophoretically homo-
Figure 1 Immunoblot of crude bacterial expression lysates for (a) pHL and (b) mHL
Samples (10 µl) of lysate were subjected to SDS/PAGE, transferred to an Immobilon membrane and incubated with polyclonal rabbit anti-(human HL) antibodies. 
Figure 2 pH dependence of pHL and mHL activity
Samples (5 µg) of purified recombinant pHL (#) or mHL ($) were used in each assay. The point with the highest HL activity was arbitrarily assigned a value of 1.0.
geneous recombinant pHL and mHL. This confirms the results of Roberts et al. with respect to mHL purification and shows that the same method can be extended to purification of pHL (Table  1) . We detected two differences in the behaviour of pHL and mHL during purification. First, the elution volume from the QSepharose column was 30 ml for pHL in contrast to 37 ml for mHL. Secondly, on gel filtration, pHL eluted later than mHL as discussed below.
Enzymic properties of recombinant pHL
The specific activities of pHL and mHL are similar to each other (Table 1 ) and to published data for recombinant human HL and purified avian HL [5, 9] . The K m for HMG-CoA was 44.8p4 µM for pHL (meanpS.D., n l 3) and 44.5p0.7 µM for mHL, the later agreeing with published values [5] . k cat values were 6.3p0.1 min −" for pHL and 7.6p0.1 min −" for mHL. We conclude that recombinant human pHL and mHL have similar affinity and catalytic activity toward HMG-CoA. The K m value is of the same order as that reported for recombinant human HL containing the wild-type Cys-323 residue (25 µM [5] ), and for HL purified from bovine, pig and chicken livers (3.5 to 25 µM [9] [10] [11] ). We observed an alkaline optimal pH (9.0-9.5) for both pHL and mHL (Figure 2 ), as has been reported for HL from human fibroblasts [6] , pig heart [12] , bovine [10] and chicken liver [9] , Tetrahymena pyriformis [13] and Pseudomonas me alonii [14] . Our estimate that 6 % of liver HL activity is peroxisomal [4] , was
Figure 3 FPLC chromatofocusing of (a) pHL and (b) mHL using a Mono P column
The HL activity (solid lines) and pH profile (dashed line) of the eluate are shown.
based upon in itro assays at pH 9.0. This value probably overestimates the in i o capacity for HMG-CoA lysis in peroxisomes, because HL activity is predicted to be enhanced by the high pH of the mitochondrial matrix ("8) [15] . However, this small catalytic capacity of peroxisomal HL may not reflect its biological importance, since its function, if any, may differ from that of mitochondrial HL.
Chromatofocusing of recombinant pHL and mHL
On FPLC chromatofocusing analysis (Figure 3 ) we observed a difference in pI between pHL ( 7.6) and mHL (6.1), which may explain their different behaviour on ion-exchange chromatography, described above. We previously estimated the pI values of mouse liver peroxisomal and mitochondrial HL as 7.3 and 6.4 respectively [4] . Therefore, both the pI and molecular-mass values of recombinant human pHL are similar to those measured for peroxisomal HL, supporting the hypothesis that peroxisomal HL is identical to the HL precursor.
Figure 4 Gel filtration and SDS/PAGE analysis of (a) pHL and (b) mHL
The upper panels of (a) and (b) show the FPLC Superose 12 HR gel-filtration profile of HL activity (solid line) and total protein (dashed lines). Samples of pHL (100 µg) (a) and of mHL (140 µg) (b) were analysed, as described in the Materials and methods section. The positions of the elution peaks of the molecular mass standards described in the Materials and methods section are shown. The lower panels show silver-stained SDS/PAGE analysis of the indicated gel-filtration fractions. 100 µl of each fraction were used.
Gel-and ultrafiltration of recombinant pHL and mHL
As mentioned above, we found a marked difference between the properties of pHL and mHL at the gel-filtration step of purification. mHL elutes with an apparent molecular mass of 65.0p5.0 kDa (Figure 4 ), suggesting that it is a homodimer, in agreement with previous studies of HL purified from chicken liver [9] , purified recombinant human mHL [5] , and early studies with partially purified pig [11] and bovine liver [10] HL. In contrast, the apparent molecular mass of pHL (Figure 4a ) is 34.1p2.0 kDa, close to that of monomeric pHL (34.4 kDa). We also performed ultrafiltration of purified pHL and mHL (Table  2) , using an XM-50 membrane which retains proteins of molecular mass greater than about 50 kDa. As expected, mHL was completely retained, whereas 57 % of pHL traversed the membrane, suggesting a molecular mass between 25 and 43 kDa ( Table 2) . We also performed ultrafiltration at pH 9.25 in the presence of 2 mM HMG-CoA, the conditions used in our HL assay, and found no change in the percentage either of pHL or of mHL retained. Therefore, pHL behaves as a monomer, and mHL as a dimer, both at pH 7.8 and 9.0, and in the presence or absence of substrate. We conclude that pHL is an enzymically active monomer and that the presence of the mitochondrial leader peptide does not markedly influence the catalytic properties of human HL. Studies to date of vertebrate HL are consistent with it being a dimer [5, 9] . Furthermore, although bacterial HL was initially reported to be a monomer [13, 14] purified recombinant bacterial HL behaves as a dimer [16] . pHL is therefore the only known HL which does not dimerize under any conditions tested. In previous studies with HL purified from natural sources, monomeric HL was not detected, probably because pHL accounts for only "6 % of tissue HL [4] . All data are consistent with the hypothesis that peroxisomal HL is a catalytically active monomer structurally identical to the mitochondrial HL precursor. Formal proof of this will require purification of peroxisomal HL and N-terminal peptide sequencing. Our studies also show that dimerization is not essential for HL catalytic activity.
Although our observation may be applicable only to HL, we speculate that the leader sequence of other mitochondrial enzymes may also directly affect quaternary structure, possibly facilitating mitochondrial import or modulating enzyme regulation. As a preliminary test of the potential effect of mitochondrial presequences upon quaternary structure, we searched the Protein Data Base [17] for the structures of mitochondrial matrix peptides which crystallize as oligomers. We found 10 such enzymes. (The 10 enzymes and their Protein Data Base identification codes are : aspartate aminotransferase, 9aat ; 1bcd ; citrate synthase, 5csc ; dihydrolipoamide dehydrogenase, 3lad ; glutamine synthase, 2gls ; isocitrate dehydrogenase, 9icd ; malate dehydrogenase, 1mld ; medium-chain fatty acyl-CoA dehydrogenase, 3mdd ; nucleoside kinase, 2nck ; succinyl-CoA synthetase, ADP-forming, 1scu ; and manganese superoxide dismutase, 3mds.) In four out of 10 structures, the N-terminus either directly contacts another subunit (aspartate aminotransferase, mediumchain fatty acyl-CoA-dehydrogenase) or is part of a subdomain which is in contact with another subunit (malate dehydrogenase, dihydrolipoamide dehydrogenase). The effect of mitochondrial leader sequences on subunit interactions in these and other proteins can be tested directly using recombinant precursor peptides.
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